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ABSTRACT 


The basic thinking on which the test “as conceived is 
briefly stated and the proposed procedure is outlined. The 
detailed steps of the procedure are given presenting the 
difficulty encountered because the hydrofoil was operating 
at such a low Reynolds Number. The second approach to the 
problem which eliminates the effect of low Reynolds Number 1s 
outlined and detailed stens are given. The final comparison 


of results is presented as a plot of (С) vs V/\/L . 
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INTRODUCTION 


At high speeds ships show a marked tendency to "squat". 
This characteristic of the bow rising and the stern settling, 
resulting in a comparatively large change in trim, is often 
thought to be the cause of excessive resistance above the 
speed length ratio of 1.2. This tendency to squat is very 
apparent in the destroyer type hull, with a corresponding 
marked increase of total resistance. It 1s known that there 1s 
an increase of resistance due to increased wave making as the 
ship's speed length ratio goes above 1,2, but it 1s felt that 
the total increase of resistance is the result of both wave 
making and the change in trim. 

It із the purpose of this thesis to determine the 
resulting increase of resistance, 1f any, due to the change in 
trim on a destroyer type hull and further to attempt to reduce 
or eliminate this increased resistance by use of a hydrofoil 
under the stern. The purpose of the hydrofoil is to produce ë 
lifting force at the stern to eliminate as much as possible 
the "squat" at high speed length ratios. 

The installation of a hydrofoil with its supporting 
strut is an additional appendage and thus will increase total 
hull resistance. This increased resistance must be less than 
the reduction in resistance resulting from the corresponding 
change in trim (reduction of "squat") produced by the hydro- 
foil in order to make the hvdrofoil installation profitable. 
It 1s our intention to make this comparison through model 


tests. 





PROCEDURE 


I. DETERMINATION OF CHANGE IN RESISTANCE DUE TO CHANGE 

IN TRIM, 

A model of a destroyer type hull (see appendix for 
characteristics) was chosen as a representative destroyer hull 
form to be used. This model was tested over the speed length 
ratio from ,70 to 1.95 in a bare hull condition and the results 
are plotted in Figure ll. 

In order to determine the effect on resistance of reducing 
the trim by a lifting force at the stern, the model was run 
utilizing a system of a pulleyand weights attached to the stern 
as shown in Figure 14. The weights could be varied to simulate 
various lifting forces that would be produced by a hydrofoil 
installation. The model with the simulated lift apparatus was 
run at various speeds ranging from 4.5 feet per second to 7 
feet per second, and with various lifting forces. The results 
of these runs are shown in Figure l. 

The results of this series of model tests show that there 
15 а definite reduction in total resistance of the model due to 
a reduction in trim. The results further show that the optimm 
lift desired to obtain minimum resistance is approximately 1.5 
pounds. The position of the point of application of the lifting 
force was 5.00 inches forward of the after perpendicular. 

Since the results of the first series of tests showed a 
definite reduction in resistance under reduced trim conditions 
and was of the order of 13 to 18 percent of the total resistance 


of the bare hull, further investigation is warranted. 
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II. DETERMINATION OF AIRFOIL SECTION AND SIZE OF HXDROFOIL 


An airfoil section NACA 63210 from reference (1) was 
selected on the basis of a high lift to drag ratio. The span 
of the hvdrofoil was determined on the basis that the hvdrofoil 
should not extend bevond the beam of the ship. This dimension 
for the span was 6,00 inches. 

The chordal length was determined by calculating the area 
necessary for a lift of 1.5 pounds assuming an angle of attack 
of 6 degrees and a coefficient of lift of .80 based on NACA data 
from reference (1). The chordal length as calculated was 1.41 


inches, 
III. DETERMINATION OF OPTIMUM ANGLE OF ATTACK 


In order to determine the optimum angle of attack an 
attachment shown in Figures 2 and 3 was constructed. By use of 
this attachment it was possible to vary the position of the 
hydrofoil fore and aft on the model, vary the depth under the 
hull of the hydrofoil and the angle of attack of the hydrofoil. 
It was first thought that this attachment could be utilized to 
determine not only the optimum angle of attack but also the 
Optimum position of the hydrofoil. Actual testing showed that 
the side struts used to hold the hydrofoil in place had too 
much resistance and were making all but the determination of the 
optimum angle of attack impossible due to their high drag. 

Figure 4 shows the results of the determination of the 
optimum angle, of attack for various positions of the hydrofoil 


fore and aft and vertically on the model. In order to maintain 
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FIG.2- ADJUSTABLE ANGLE OF ATTACK ATTACHMENT IN 


FORWARD POSITION WITH HYDROFOIL IN UPPER POSITION 
AND ANGLE OF ATTACK = 6°. 
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FIG.3- ADJUSTABLE ANGLE OF ATTACK ATTACHMENT IN 
AFTER POSITION WITH HYDROFOIL IN LOWER POSITION 
AND ANGLE OF ATTACK = 0°. 
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EIG.57 HVDROFOM 
IN FORWARD HIGH 
POSITION. 


FIG. 6° HYDROFOIL 


IN MIDDLE CENTER 
POSITION. 


FIG. 7- HYDROFOIL 
IN AFTER LOW 
POSITION. 





results indicate that the aft low position of the hydrofoil 

will give the minimum total resistance of the hull. In order 

to present the effect of the hydrofoil alone the resistance of 
the strut was subtracted from the total resistance. The value 
of the strut resistance was obtained by running the model with 
Just the strut attached with the bottom faired with modeling 
clay. This was done because the primary appendage drag will be 
caused by the hydrofoil itself due to its induced drag. Results 
of this test are plotted in Figure 8, 


V . DETERMINATION OF MODEL RESISTANCE AND TRIM WITH HYDROFOIL 
IN FINAL SELECTED POSITION 


The model with the hydrofoil in its final aft low position 
with an angle of attack of 5 degrees as shown in Figures 7, 9, 
and 10 was tested over the range of speed length ratios from .70 
БӘ 1.95. 

The results of this set of resistance tests were plotted 
as Ст vs speed length ratio and are shown in Figure 11, 
Calculations were made in accordance with proceedures outlined 
in reference (4). The trims obtained with the hydrofoil attached 
are shown in Figure 12, 

The results of this series of tests showed that the 
appendage resistance was apparently much greater than the 
reduction in the resistance due to the controlling of the trim, 
This would indicate that the total resistance of the model with 
the hydrofoil installed was much greater than the total 


resistance of the bare hull model. 
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FIG 9- HYDROFOIL IN FINAL: TEST POSITION 





FIG. IO- MODEL TEST SETUP WITH HYDROFOIL IN 
FINAL TEST POSITION. 






FIG. 11 
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On inspeotion of Figure 11 it ls seen that the inoreased 
resistance due to the hydrofoil and strut is much greater at 
the lower speed length ratios than at the higher speed length 
ratios. Sinoe the drag of the hydrofoil and the strut is a 
function of the coefficient of lift, angle of attack, and the 
wetted surface of the hydrofoil and the strut; the increase 
drag or resistance of the appendages should remain approximately 
constant over any speed range. Therefore some unknown factor 
must have been affecting the measured resistance, On invest- 
igation of resistance data for airfoil sections it was found 
in Figure 5.1 of reference (2) that the profile drag of an 
airfoil section operating below a Reynolds Number of 5 x 10° 
there is a transition from a relatively low profile drag to a 
high profile drag due to the effect of laminar flow separation. 
According to reference (5) there is no apparent scale effect 
on induced drag or lift. 

A calculation on the model airfoil section (hydrofoil) 
shows that over the range of testing the model, the hydrofoil 
was operating at a Reynolds Number of 1045. It is very possible 
then that the hydrofoil was operating in this transitional 
range of profile drag and the model tests would give incorrect 
full scale results, 

In order to investigate the possibilities of this unreal- 
istic effect of laminar flow separation it was decided to try 
a second approach which would,if possible, eliminate this effect. 


VI. TEST METHOD TO ELIMINATE LAMINAR FLOW SEPARATION EFFECT, 


In this second approach the model was run without the 





hydrofoil attached but in a controlled trim condition to match 
the trim produced when the hydrofoil was installed. The resist- 
ance of the model was measured over the range of speed length 
ratios of .70 to 1.95. This resistance was then expanded to full 
scale resistance. The water velocity over the hydrofoil was 
measured and the total resistance of the hydrofoil and the strut 
was calculated utilizing the lift force measured, the angle of 
attack, and data from NACA reports as given in reference (1) for 
the full scale ship. The two resistances were added giving the 
total resistance of the ship with the hydrofoil attached in the 
controlled trim condition. This new calculated resistance was 


then compared with the expanded bare hull resistance. 


VII. DETERMINATION OF SHIP RESISTANCE FROM MODEL TEST DATA 
AND CALCULATED HYDROFOIL DATA. 

In order to eliminate the possibility of laminar flow 
separation influence on the hydrofoil the following procedure 
was used: 

1, The model was tested without hydrofoil attached but in a 
trim condition matching that of the model with hydrofoil 
installed. This was done utilizing the system of weights and 
pulley previously described. It was not possible to match the 
trim using weights alone and a shift of ballast in the model in 
combination with the weights over the pulley was used in order 
to correctly match the trim of the model with the hydrofoil 
attached. In determining the lift force necessary to match trims 
the moment due to the shift in ballast was added or subtracted 


to the weight over the pulley depending on the required shift 





of ballast, 

ce A wake survey was made spanwise along the hydrofoil at the 
center of the chord to determine the water velocity past the 
hydrofoil. The wake survey apparatus is shown in Figures 13 

and 14. Figure 15 shows the test calibration curve and Figure 
l6 shows the corresponding water velocity vs head from the 
calibration curve. Utilizing Figure 16 the water velocity over 
the hydrofoil was determined for seven points along the hydro- 
foil &t two model speeds. The seven points were averaged giving 
an average water velocity over the hydrofoil at the two model 
speeds tested. A wake fraction for each model speed tested was 
calculated. Assuming a straight line function between the two 
speeds tested a curve of wake fraction vs model speed was plot- 
ted in Figure 17, 

3. From the total lift force necessary to match trims and the 
water velooity over the foil as determined from the wake fract- 
fon of the hydrofoil, the cofficient of lift was calculated end 
plotted in Figure 18. 

4, The Cy of the model was calculated. Since the weight used to 
change trim was in effect changing the displacement of the model 
a corrected wetted surface was caloulated based on the relation- 
ship from reference (3): W.S.= K/AL . This change in wetted 
surface is plotted in Figure 19 and was used in the calculation 
of the Ch of the model corrected for wetted surface ohange due 
to the displacement change. The corrected Са 18 plotted in 
Figure 20. 

5. By standard model test procedure the Ст of the ship was cal- 


culated by expansion of the corrected model Си, : 
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6, The calculated coefficient of lift was utilized in calcul- 
ating the total lift of the full scale hydrofoil. 

7. The total resistance of the ship bare hull in controlled 
trim was calculated utilizing the corrected ship Cm . A correct - 
ion was again made for the change in wetted surface due to the 
apparent ohange in displacement caused by the total lift force 
of the full scale hydrofoil., 

8. From reference (1) the profile drag coefficient of the hydro- 
foil section NACA 63210 was determined, 

9. By using the бі as determined under part 3 and using refer- 
. ence (2) an induced drag coefficient was calculated, A correct- 
ion was made for finite span. 

10. A profile drag coefficient was determined for the strut 
using reference (1) for NACA 63018, To add this coefficient to 
the drag coefficient of the hydrofoil a simple area ratio 
expansion was used. 

11. The total drag coefficient of the appendages was determined 
by adding the profile drag coefficient of the hydrofoil, the 
induced drag coefficient of the hydrofoil, and the proportioned 
profile drag coefficient of the strut. 

12. From the total drag coefficient of the appendages and the 
water velocity over the foil as determined by the wake survey 
the total resistance of the appendages was calculated. 

15. The total ship resistance in the controlled trim condition 
was determined by adding the calculated ship appendage resist- 
ance to the resistance of the ship bare hull in the controlled 


trim condition. 





VIII. FINAL COMPARISON OF TESTS 


Ship (©) was calculated for the three test conditions: 
l. Ship expandeá from model tests bare hull, 
ce Ship expanded from model tests with hydrofoil attached. 
3e Ship expanded from model tests with controlled trim and 
calculated hydrofoil drag. 


These results are plotted in Figure 21. 
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DISCUSSION OF RESULTS 


The results of the test are plotted as (©) versus A, 
in Figure 21. This presentation was seleoted due to the varlat- 
ion of wetted surface of the ship when the lifting force is acting. 
©) eliminates the use of wetted surface in a resistance comparison. 

The curve of ©) for the ship with hydrofoil expanded 
from model results shows that the test data at low Reynolds 
Number is very inaccurate in the speed length ratios from .70 to 
1.45 when compared to any of the other curves. It is felt that 
this inaccuracy is due to the laminar flow separation when 
operating at low Reynolds Numbers. At the design speed length 
ratio of 1.45 the curve of the ship with hydrofoil approaches 
very nearly the curve of the ship bare hull controlled trim with 
calculated hydrofoil drag, but both curves are still above the 
ship bare hull curve. 

From a speed length ratio of 1.45 to 1.95 there is no 
apparent explanation of the results obtained as shown by these 
curves, 

In the renge of speed length ratios of 1.45 to 1,60 the 
curves of ship with hydrofoil and ship bare hull controlled 
trim again diverge, with the controlled trim curve becoming 
tengent to the bare hull curve while the curve of the ship with 
hydrofoil becomes a maximum at 1.65, 

In the range of speed length ratios of 1.65 to 1.88 the 
curves of ship with hydrofoil and ship in controlled trim again 
converge and cross at the speed length ratio of 1,88, An explan- 


ation for the range of speed length ratios above 1.65 could be 


11 


п 





that there 1s now Some effective interaction of the hull and the 
hydrofoil which increases the effectiveness of this arrangement, 
i.e. a reduction in drag of the hydrofoil for a given lift. 

By extrapolation of the curves of bare hull with hydro- 
foil attached to an approximate speed length ratio of 2.00 the 
curves would intersect showing that the hydrofoil might be effect- 


ive above the speed length ratio of 2.00. 
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CONCLUSIONS 


The hydrofoil installation as tested offers no advant- 
age over the bare hull. The point of tangency at V//L of 1.60 
and the possibility of the curves crossing at V/~/L of 2.00 
offers some encouragement that a change in design of the install- 
ation might lead to the desired improvement, 

The drag effect at low Reynolds Number as shown in the 
lower V/-/L range points up one very important point: hydro- 
foil tests should be made to as large a scale as possible to 
reduce the very large increase in profile drag found below a 
Reynolds Number of about 5 x 10°. The lack of information avail- 
able at this low Reynolds Number range makes small scale model 
testing of this type inaccurate and difficult. Because of this 


it offers a wide field for further study. 
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MODEL DATA 


Model Number 393 built by Stevens Institute of Technology. 


SHIP: 

Length Load Waterline- 

Beam- 

Draft- 

Displacement (Salt Water)- 

Wetted Surface- 

Block Cofficient- 
Displacement/Length Ratio- 
Beam/Draft Ratio- 

Design Speed/Length Ratio- 

MODEL: 

Length Load Waterline- 

Lambda Ratio- 

Wetted Surface- 

Trim- 

Displacement (fresh water) 

Measured freeboard aft forecastle break 
Length of model run (bare hull only) 
Length of model run 

Dynamoneter setting 


towing strut pivot below top of towing 
bracket 


542,5 feet 
35,9 feet 
12,7 feet 

2514.0 tons 
14,154.0 sq.ft. 
„5174 
57,6 
2.82 
1.75 


5.524 feet 
62,0 

3,082 sq.ft. 

None, 
21.17 nnunds 
2 .17 inches 
59.25 feet 
49.00 feet 

7 


2.9 inches 


Trim gages located at fore and aft perpendiculars 
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SAMPLE CALCULATIONS 


Sample calculations and sample test data results will be 
shown for a speed length ratio of 1.45 where possible. This 
speed length ratio was chosen as a design point corresponding 
to a ship speed of £6.83 knots and a men speed of 5.74 feet 
per second. 


BARE HULL TEST RESULTS 


Ar scale 
sec ð e read. Ls = 
Ek a 


* Forward trim measurement in tenths of inches and after trim 











measurements in fifths of inches. 


MODEL BARE HULL C$ CALCULATIONS 
T= 73.6 °F WS 
p 
U 


5.68" Sq. ft. a 


1.4260 8 


1.935 C, Pro a = 10.1614 
2.852 /2 SW 


1.0070 
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BARE HULL MOTEL WITH SIMULATED LIFTING APPARATUS TEST RESULTS 


Ar д АДЫ |н ы мық. 
ft/seq kts | — read |corr.| wt aft 





























DETERMINATION OF SIZE OF HYDROFOIL 


іт з е/28 5 V? C 
Optimum model lift = 1.5 pounds 
P = 1.9552 at 74? F 
V2 5,75 feet per second 
Cr > +80 assumed 
S = መፒ: = ,0586 square feet 
span = 6.00 inches 
0586 Х 144 
chord = 6 z 1,41 inches á 


required hydrofoil = 1.41 x 6.00 inches 


DETERMINATION OF OPTIMUM ANGLE OF ATTACK 


Foil apparatus in aft low position, X = * 4? 
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DETERMINATION OF FORE AND AFT AND VERTICAL LOCATION OF HYDROFOIL 





R/V 
bare hull 
and foil 


R "Y bare 88/ሞ" bare B вэ Ba/ Y 
Position hull, foil | hull and strut 
and strut strut ONLY 


DETERMINATION OF MODEL RESISTANCE AND TRIM WITH HYDROFOIL IN 









FINAL SELECTED POSITION 


Test data 





Calculated data 


ШИЕ 50g 9 F WS 


3.682 Sq Ft a = 1.46268 





Ó 7 1.98245 Ry a = 10.15164 


2.852 P/2 SV 
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DETERMINATION OF MODEL RESISTANCE IN BARE HULL CONTROLLED 


wt En |Вг/Ү2 Bus ын ball- 
read,lcorr. fwd ast 
z shift 


„25 
= af tete 


TRIM CONDITION 







DETERMINATION OF REQUIRED HYDROFOIL L IFT FORCE TO MAINTAIN 

MODEL IN BARE HULL CONTROLLED TRIM CONDITION 
T = 80° F 5 foil = ¿0015 sq ft Ballast wt = 1.84 1! 
P = 1.9336 E S = .05527 Mom arm = 59.59 in. 





со сс [ome 


DETERMINATION OF WATER VELOCITY AT HXDROFOLL 


Pitot tube test data 


A! vn [2772 
Ceres rao saspe [| 97 2.901 5.101 9.20 
ЗОЛОО (ЦЭР 
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WARE RAKE CALCULATIONS FROM FAIRED н/ү“ VS V CURVE 15 AND 
H VS V CURVE 16. 





See be Lo 


CALCULATION OF CL FOR HYDROFOIL ON MODEL 





T = 80°F 0/2 8 = „05327 
jift 
0 z 1,9386 Сі ж 
642 8 የ” 
6 = 7.935 84 in = .0551 sq ft i 










(1-м) total |6/2sv2 
"mos "ум вес lift 
Eli pnm 


CALCULATION OF Ст OF THE MODEL I N CONTROLLED TRIM CONDITION 


R 
T== 80°F а = 1.42605 cr = 
0 = 1.9336 a = 10.15243 
S = 3.682 Sq ft — * , 42548 
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CALCULATION OF CORRECTED WETTED SURFACE FOR MODEL IN 
CONTROLLED TRIM CONDITION 


' 
Model disp. = 21.17 pounds We 65, = K VAL = K/A 
Model length = 5.524 Feet K' = „8002433 





lift new wetted 
E x. 


T- ——  — ----- —À + —— — - ==... መ. —— ng vnicum 


FROM Cn OF MODEL IN CONTROLLED TRIM CONDITION 








CALCULATION OF Cp 


CORRECTION DUE TO CHANGE IN DISPLACEMENT 


Model wetted surface = 8,682 sq ft 





! ! 
CALCULATION OF Cy SHIP FROM Ст MODEL IN CONTROLLED TRIM 












a D 59° F (salt water) 
Y = „92969 Y = 1,2817 
model model ship 
ү Й - = 
т (2210 o, x36 R X 10° C, x 107 Cp X 10°|r, x 10° 


r 
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CALCULATION OF TOTAL LIFT OF FULL SCALE HXDROFOIL 


1/2 05 = 210.98 





CALCULATION OF TOTAL RESISTANCE OF SHIP BARE HULL IN CONTROLLED 


TRIM CCNDITION 
original /\= 2276.7 original W.S.= 14,154 


бё/ 2 ship = .99525 





CALCULATION OF APPENDAGE RESISTANCE 


l. Determination of effective aspect ratio from reference 2 
2 
Aspect ratio A = 2— 


b= span = 6.04 inches 


5 foil area = 7.935 sq in by planimeter 


tip correction = - .04 (page 76 par 2 reference 2) 
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2 2 
= b E 6,04 u 
A = 4,198 
e 
C cL 
Di D 
e 
2, Determination of strut profile drag coefflclent 
Area strut = 2.112 square inches (planimeter) 
Area foil = 7.935 square inches (planimeter) 


Strut NACA 63018 section 


is .0058 at 0° angle of attack from reference |, 


profile drag coefficient corrected - .0058 X 
7,965 


- ,07585 


2/2 8 = 


2102 798 













foil Ма 8 Ум| Ву арр. 
Å r 
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26112 


profile drag coefficient 


.0015 





TO CALCULATE TOTAL SHIP RESISTANCE AND (© IN CONTROLLED TRIM 
CONDITION 


0/ 2 8 = 14,086.77 wW S X 1000 _ 
ኣ/ዕዕር56ጽ 7 >22945945 
C, X W.8. X 1000 
Oe + 
VoL? 8 m 





Rr v? jes 
mh APPÊN. total ft/sec 
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Nelson 

Àn investigation of the change 
in resistanoe of a destrover 
type hull utilizing a hydrofoil 
to reduce excessive trim. 





